ABSTRACT There has been numerous seismic hazard studies so far that includes Malaysian territories. However, there is a need to assess how reliable those studies are. Two main potential contributors to error have been identified: 1) seismic hazard analysis method and 2) ground motion prediction equation (GMPE). The amount of variation in predicting erroneous GMPE is huge. Thus, this paper concentrates on generating new GMPEs due to subduction specified for Malaysia and validated against developed GMPE. Empirical method for GMPE generation was utilized using recorded ground motion data acquired from the Malaysian Meteorological Department. The earthquakes were grouped according to the source, and only source types in the Sumatran subduction area were used due to the availability of enough data to identify a pattern. Three GMPEs were generated for three different source types, namely, shallow subduction earthquake, deep subduction earthquake, and backarc earthquake sources. Sumatran strike slip fault is considered within backarc seismicity. They were compared with the models proposed by Petersen (modified from Young), Atkinson and Boore, and Megawati. The comparison results showed that the proposed models are far superior at predicting the earthquakes in the Sumatran region, with percentage difference between estimates and the recorded values being the lowest. Therefore, the equations should be used in further seismic hazard analyses. Thus, this paper becomes a part of the recent initiatives in Malaysia to assess the hazards posed by earthquakes.
I. INTRODUCTION
Malaysia has seen a remarkable boom in industrialization in the past century in almost all sectors of economy; the oil and gas sector being no exception. The oil and gas sector plays a vital role in the Malaysian economy due to its significant contribution to workforce and government activities, as well as to its share of energy provisions. The statistics are staggering: 86.4% of energy consumed in Malaysia was generated from oil and gas in 2010 [1] , transport and industrial sectors being main consumers, each constituting 40.5% and 38.6% of energy use respectively. Considering estimates by the International Energy Agency, where 70% growth in energy demand is anticipated in the next 17 years [2] , growth in oil and gas demand is expected to increase sharply in the coming years.
Malaysia has three main oil producing basins: the Malay basin, which is located to the west of offshore Peninsular Malaysia (PMO), the Sabah (SBO) and Sarawak (SKO) basins [3] , [4] . Most oil reserves are located in the Malay basin, and the oil itself is mostly of high value due to its quality, while gas reserves are concentrated in offshore Sabah basin. To extract these hydrocarbon resources, a large number of platforms were utilized in the oil and gas exploration and production activities since early 1960s. Fixed structures in the Malaysian South China Sea (MSCS) are installed in waters of up to 140m depth. Offshore fixed platforms in these waters range from 15m to 150m height, the tallest of which will roughly equal to a 50-storey high-rise building onshore with natural periods of around 5 seconds, therefore being vulnerable to long period waves generated by distant earthquakes [4] . Shorter platforms will also be affected by earthquakes, but the earthquakes will have to occur close to platform locations to amplify with their long natural periods.
The platforms in MSCS have been designed to withstand environmental loads anticipated in the region as per PETRONAS Technical Standards (PTS) and American Petroleum Institute (API) code requirements. PTS code (34.19.10.30) specifies that earthquake loading has to be done according to API code (RP-2A-WSD-2000). API code states that for the zones of low seismic activity, where ground acceleration is less than 0.05g, no earthquake analysis is required, as it is assumed that the design for environmental loadings will provide sufficient resistance against potential effects from earthquakes. The PTS code is conservative with respect to the environmental criteria chosen, which have been formulated for North Sea conditions that are way harsher than MSCS conditions [5] . Thus, adequate ''safety cushion'' is provided against seismic effects of the low seismicity zone.
A. EARTHQUAKES IN THE MALAYSIAN CONTEXT
There have been numerous earthquakes in the region that caused tremors on Malaysian soil, such as the regionally devastating instances of 2004 Aceh (M w of 9.1) and 2005 Nias (M w of 8.6) earthquakes. As in March 2012, ground shake due to raptures in the Indian Ocean (M w of 8.2) on the Australian Plate was clearly felt, causing a short panic among residents of cities throughout Malaysia [6] , [7] . Given such regular occurrences of ground shake great enough to sway high-rise buildings, there was a well-founded worry if MSCS and Malaysia as a whole are really within a low-seismic zone with ground accelerations below 0.05g. The Construction Industry Development Board of Malaysia (CIDB) was quick to mobilize researchers and academicians to help analyse the earthquake threat. Nevertheless, debates among the construction and engineering professionals still persist on the practicality of imposing seismic considerations. Now, due to recent big earthquakes, there was a sudden need for a Seismic Hazard Analysis (SHA) for Malaysia that would help designers choose appropriate design considerations. There have been numerous SHAs conducted in the region, several of which did include MSCS in their study window [8] - [15] . However, Petersen et al. [14] have produced a seismic hazard map for South East Asia that includes onshore and offshore Malaysian areas within their studies.
However, the results of these published works are not applied in industry as desired. A thorough study of the methodology has shown that these studies have a component that is highly disputable and subjective, and affects the study results in a profound manner, namely ground motion prediction equation (GMPE) [16] . GMPE is an equation used to calculate the level of ground shake at a desired distance from the earthquake epicenter. All of the GMPEs used for regional SHA are ''imported'' equations that have been developed mainly for the Americas. Certainly, lying on the stable portion of the Sunda plate, Malaysia is influenced by interplate and subduction zone ruptures, which makes it a completely different scenario than what the ''imported'' equations were developed from and for [17] . This indicates that there is a crucial need for a fully-verified, Malaysia-specific equation that will be used in SHAs conducted for Malaysia in the future. Therefore, the objective of this paper is to establish a framework for seismic source classification and perform grouping of earthquakes according to their sources. It will be followed by development, comparison and verification of Malaysia-specific GMPEs for all earthquake sources against recorded data and available GMPEs in the literature.
II. RELATED WORKS
Earthquake is a very frequently occurring phenomenon throughout the world that on average, every 20 minutes an earthquake is recorded by the network of NEIC [22] . In view of such a staggering activity, it is useful to first understand how earthquakes are generated and propagated particularly in the Malaysian scenario and Sumatran region.
There are four types of earthquake regions which are also known as seismic regions [23] :
i. Midocean ridges -Seismic activity is low and very shallow, mainly because of thin crust and little stress build-up due to divergence. ii. Transform zones-Seismic activity is of considerable size, as two plates scraping along can lead to significant stress build-up. iii. Subduction zones -Two plates collide, whereas one plate overrides the other creating immense stress buildups. In such regions, one can see deep trenches and mountain regions located along each other. iv. Boundary zones -Boundaries around continental plates have moderate seismicity, caused by stress released from mountain ranges. It is worth noting that there are earthquakes occurring within the interiors of continental plates, but it is just that their nature is highly unpredictable and their intensity is moderate at best. The earthquakes usually occur at faults spread out throughout the plates, and detecting these faults is rather difficult: the productive faults are mapped easily, while those faults whose stress build-up period is longer than the recorded history are not as easily mapped. These are almost impossible to predict, unless some activity is recorded.
A. SEISMIC PROPAGATION
Seismic event is a sudden release of energy which will then be dispersed to surroundings in all direction. With the release of energy, the energy propagates outward in the form of seismic waves [24] . These are categorised as surface waves and body waves. Surface waves cause the most damage and are trapped in the outer layer of the earth's crust [25] . There are two types of surface waves: Love waves (side-to-side) and Rayleigh waves (rolling) [26] . Love waves are faster than Rayleigh waves.
Body waves are faster than surface waves and can travel through the Earth media. There are two types of body waves: FIGURE 1. Web propagation types and particle displacement mechanisms [22] .
P-waves (compressional) and S-waves (shear). P-Waves are faster than S-waves, thus they are recorded first by the seismograph. In addition, P-waves cause more damage than S-waves, because they temporarily change the area and the volume of the ground, damaging many of the human-made structures that are situated on that ground. Fig. 1 shows all waves and their ground displacement characteristics.
Out of high and low frequency waves, only the low frequency, long period waves are able to reach far-fields due to their robustness in preserving energy, unlike the high frequency short period waves, that lose much of their energy very fast and get damped out in a shorter distance [27] .
The body waves that travel through rock layers for very large distances arrive at the site, and transfer the energy to the soil layer above. Depending on the soil type, this transfer can either amplify [28] or dampen the seismic energy. The Mexico City earthquake of 1985 showed how small amounts of energy can lead to high damage due to soil amplification alone. Even though soil layers in Malaysian cities do not amplify the waves to that extent, there is an indication that amplification does exist [29] . In fact, Marto et al. [30] have calculated an amplification factor of nearly 2.5 at 2% chance of exceedance in 50 years for Kuala Lumpur City Center in their micro-zonation map.
B. RECORDING AND SCALES
Historically, there was a need for some form of measurement of earthquakes. Though simplifying such a complex event is no mean feat, scientists have developed several magnitude scales that cater to specific purposes [31] .
One of the most important parameters characterizing an earthquake is its ''size''. It has been measured to be directly related to the energy released. However, Richter [32] initially used local magnitude scale (M L ), which was defined using trace amplitudes of local earthquakes recorded on typical Wood-Anderson seismographs (T 0 = 0.8s, critical damping 0.8, V = 2, 800). Notably, the earthquake magnitude is the most common measure of the size of an earthquake. Also, the termed M L , the scale was widely used throughout the first three quarters of the 20th century [33] . Unfortunately, due to instrument limitations and measurement of a single, shortperiod peak height, the scale saturates and fails to accurately convey the amount of energy released by earthquakes greater than M L 6.5 [34] . Another limitation of this scale is that the measurement has to be done within 100 km to the epicenter. Despite this, M L continues to be a popular tool for computing the relative size of earthquakes.
In order to solve saturation problems in M L , SurfaceWave Magnitude (M S ) was developed. M S is a measurement scale that is based on the Rayleigh surface waves [35] that have periods of around 20 seconds [36] . Also, not being bound by any distance for measurement, this scale has been used for empirical comparisons of magnitude versus earthquake rupture lengths. However, the shortcoming of this particular scale is that it also saturates at magnitudes greater than M S 8 [33] .
The development of scale continues with Body-Wave Magnitude (mb). mb is another scale developed by Richter and Gutenberg that is based on P-wave records [35] , with periods of around 10 seconds [36] , with the purpose of treating deep earthquakes [31] . It is a widely reported magnitude by modern-day stations, even though its saturation point is around mb 8 [33] . Unfortunately, the saturation problem persists. When the peak of the energy spectrum lies below the frequency range of the Wood-Anderson seismograph, the seismograph fails to accurately predict the magnitude resulting in what is known as ''saturation'' [31] . This has led to the development of a new scale known as Moment Magnitude (M w or M). It is a popular scale [37] proposed by Kanamori [38] and later refined by [34] and [39] that is rather different in its approach to quantify earthquake energy.
The Seismic moment (M 0 ) of the earthquake serves as the basis of this scale, and is utilized to directly represent the amount of energy released at the source. Equation (1) shows the formula used to compute M 0 [36] :
where D average displacement over entire fault surface A area of the fault surface µ average shear rigidity Fundamentally, this means that Moment Magnitude tries to directly quantify the energy released by the earthquake, rather than to try to calculate it from earthquake effects on individual stations [31] . This way, M w succeeds at overcoming the saturation problems of other scales and is the most reliable among them [35] . Equation (2) shows the formula used to compute M w [39] : [8] . Therefore, because of its location, tremors experienced in Malaysia are mainly due to the neighbouring Sumatran subduction zone and the Sumatran fault. Fig. 2 shows the distribution of earthquakes in the region [9] . Zone 1 is the Sumatran Subduction Zone, while Zones 2 and 3 denote the Sumatran Fault.
FIGURE 2. Distribution of earthquake epicenters in South East Asia [14] .
The Sumatran fault is more than 1500km long and runs through entire Sumatra. Being a strike slip fault, it stores the energy through shear deformation of the rocks when the edges on both sides of the plate get interlocked [40] . In such a setting, it is widely accepted that not much energy could be stored. Hence, earthquakes with extra-large magnitudes are not expected here. Historical records for the Sumatran strike slip fault show that the biggest earthquakes occurred in 1892 (M w 7.7) and in 1943 (M w 7.6).
The Sumatran Subduction Zone is a result of the subduction of Indian-Australian plate beneath the Eurasian plate and is located some 600 km away from Malaysia in its nearest neighbours. The rate of subduction is about 67 mm per year [41] . The subducted slab moves at a shallow angle and the overriding and subducting plates are strongly coupled, giving way for strong earthquakes. This source is able to generate earthquakes of great sizes [27] 2.9) and October 2009 (M w 3.5). These were assumed to be generated by the Bukit Tinggi Fault, which was considered inactive [42] , but could be going through re-activation.
C. SEISMIC HAZARD ANALYSIS TYPES AND METHODS
After unfortunate events, such as earthquakes, it is human nature to demand for appropriate actions to minimize loss of life and property when similar disasters strike again. Even though earthquakes have occurred almost systematically throughout history, it was only with the advances of science that scientists have started to research ways of quantifying hazard posed by earthquakes in their vicinity. The Long Beach earthquake of 1933 in United States was an event that prompted officials to enforce earthquake resistance into the design of school buildings [43] . Since then, SHA methods have significantly evolved. SHA is widely utilized in engineering today to give some certain measurement to the hazard posed by uncertain earthquake sources [44] , [45] , and is used in design applications to develop earthquake resistant structures and risk assessment/management applications [46] . It is an established topic in the literature, with considerable research conducted on all aspects of ground motion predictions, although it is observed that hazard predictions can still fail or are almost impossible to validate [47] .
Up until the 1970s, hazard was estimated using the largest earthquake that occurred around the site plus an increment of 0.5 [48] . Such methodology was problematic, as when the site was located within the tectonic province, earthquake occurrence directly below the site was not even considered due to the assumption of its unlikely nature. This has led to the erroneous practice of negotiating the source location with regulators [48] . There are two notable methods that are widely used throughout industry today: Probabilistic SHA (PSHA) and Deterministic SHA (DSHA). VOLUME 5, 2017 PSHA is simply a term that is used for all seismic hazard analysis method, which attempts to define either the frequency of events or the frequency of exceedance of some parameters. These are PGA, PGV, SA and combining all the earthquake data for the region using statistical methods [49] , [50] . PSHA PSHA has its roots in the methodology proposed by Cornell [44] and improved by McGuire [51] and later improved by the same author McGuire [52] and expanded for the treatment of uncertainties (earthquake location, size, medium of propagation and others) by using expert opinion in the guidelines proposed by [53] and [54] .
PSHA is rather complicated, as it uses complex statistical formulations, taking into consideration all the available earthquake data, regardless of magnitude. However, earthquakes with magnitudes of less than 5 are assumed non-damaging and usually ignored to simplify the calculations [15] . The primary output of such exercise is a hazard curve, plotting ground motion parameter (such as PGA or SA) against the annual frequency of exceedance. Equation (3) [44] , [51] , shows the integral used to compute SHA in probabilistic terms:
where N total number of the seismic sources; V i mean annual rate of occurrence of earthquakes generated by source i with magnitudes between m l and m u ; r min /r max minimum and maximum source-to-site distances for source i; m l /m u lower and upper-bound values of magnitude for source i; p[Y > y|m,r] conditional probability that an earthquake of magnitude M = m at distance R = r from the site would cause ground motion with parameter Y > y; f M ,R (m,r) joint probability density function of magnitude M and distance R Poisson distribution is central to the earthquake occurrence model in PSHA. Therefore, it assumed that all variables are independent of each other [16] , [55] . On the other hand, Chandler et al. [56] state that for relatively rare, moderate to large magnitude earthquakes, the assumption of independent events is reasonable as it is the uniform areal seismicity rate assumption that earthquakes occur uniformly in regions with low to moderate seismicity, so that the uniform seismicity assumption goes in part with Poisson model. Even though some researchers dispute the use of the Poissonian model for earthquake occurrence [57] , the use of it greatly simplifies work and results in minor errors [58] , [59] . To achieve Poissonian distribution, seismic catalogs are filtered to remove foreand after-shocks using Gardner and Knopoff's method [60] .
As modern PSHA analyses involve huge data sets and various attenuation relationships, it is quite common that logic tree approach will be utilized [17] . Logic tree is a method to combine multiple variations of models and assumptions by assigning to them a certain weightage. When analysis is performed, the computer will automatically calculate the amount of contribution from each model to the final result according to the weightage assigned [61] . SSHAC guidelines specify the procedures to follow when using the logic tree approach [53] .
Since the return period and chances of exceedance play a central role in SHA result formulation and presentation, choosing an appropriate return period for design can be quite challenging. Currently, designers choose a life-expectancy, termed exposure period, of a building at 50 years [56] , and calculate the hazard parameter that has 2% or 10% chance of being exceeded. A 10% chance of occurrence in 50 years corresponds to 475 years return period, and is chosen for most building designs [62] , [63] , while a 2% chance of occurrence in 50 years corresponds to 2475 years return period, and is chosen for buildings that are of high importance, like nuclear power stations and dams [64] .
Scenario earthquake is desired for design analysis or other seismic risk decisions. Thus, hazard deaggregation procedure is utilized in PSHA. Deaggregation procedure allows the separation and understanding of the contribution of each source to the calculated hazard [50] . Also, it is used to identify those magnitudes, distances and ground motion uncertainty that mostly affect the results [65] .
2) DETERMINISTIC SEISMIC HAZARD ANALYSIS
DSHA procedures utilize the available seismicity catalogues, geological and velocity model data and the known seismic source parameters near the investigated site to generate models of ground motion near the site [63] , [66] . It is done by choosing a maximum credible earthquake (MCE) and calculating ground shake from it alone. A particular feature of DSHA is that it calculates the ground motion considering a single large magnitude earthquake for each source, the MCE, which in reality will account for all other earthquakes less than MCE. In practice, MCE is estimated from a maximum magnitude supported by geological evidence, which is later added an extra increment of 0.25, 0.5 or approximated up to the nearest quarter magnitude to form the final best-estimate magnitude, the MCE [43] , [45] . Such an action is to ensure the needed conservatism for the design of the structures that takes into consideration the uncertainty of the earthquake phenomenon. When there are several sources around the site, the source that causes maximum effect on the site is considered the estimated resultant DSHA [67] .
D. GROUND MOTION MODELS
When an earthquake event occurs, the released energy moves through the ground in the form of waves. As the earth crust is composed of various layers of varied media, laid out in various angles and thicknesses, those waves lose energy with the distance traveled, or ''attenuate''. There are two main types of earthquakes according to source type: interplate and intraplate earthquakes. The interplate earthquakes occur along or parallel to the plate boundaries. This includes thrust earthquakes at subduction zones and strike-slip earthquakes along transform boundaries. Earthquakes located at a distance from the boundaries at the plate interior are called intraplate earthquakes, and typically have more moment release [68] . Most ground motion models, sometimes termed ground motion prediction equations (GMPEs), attenuation equations or relationships, are developed to suit each particular source type, as each source has different attenuation characteristics. Petersen et al. [9] summarise the available GMPEs in four groups, such as: a) interplate crustal earthquakes near plate boundaries; b) intraplate crustal earthquakes within stable continental regions; c) intermediate and deep earthquakes within the subducting slab; d) subduction zone earthquakes on the plate interface. Fig. 3 shows the earthquake sources for subduction zone. Up until now, there have been many recordings of ground motion all around the world. Most GMPEs have been developed empirically from these data. These relates ground motion recordings to magnitude, depth and distance using regression analyses [37] . Equation (4) [16] , describes this relationship.
where Y ground motion parameter (PGA, PGV, MMI, PSA, RSA)
The importance of choosing a correct GMPE is undeniable as very large variations in results can be observed with little change in equation [43] . There is a great degree of variance in all observed data. The recordings of any parameter will vary from earthquake to earthquake, from rupture mechanism to depth information, even for the similar magnitudes [17] . In fact, for the same event, the recordings will vary at stations located at similar distances. Such variance results in the inability of the mean of the developed regression curve to pinpoint all the ground motion data, resulting in some difference between predicted value and actual recording, known as residue [69] . The residues could be attributed to site effects and unknown factors in relationship [43] and is now considered an important part of attenuation equation [17] . In all available equations, an error term (εσ ) is added at the end of the regression curve to specify the standard deviation to account for the residue, usually avoiding the truncation below ε = 3 [17] .
There are two main ways to model an attenuation equation: 1) to do an empirical regression analysis using real recordings [69] , [70] or 2) to use synthetic seismograms method to calculate ground motion and use that data to model an equation [21] , [71] . Some regions of the world lack sufficient data or funding to develop a specific relationship for those regions. Therefore, it can be seen that attenuation relationships developed for other regions have been used. Examples of the developed GMPEs, which have been used in replicating Malaysia's ground motion can be seen in Table 1 . Also, it has been warned that regionally validated model of attenuation relationship should be utilized, not the imported one [17] . Furthermore, Lam et al. [18] shows in his study that a slight mismatch of GMPE to the regional characteristics can lead to SHA estimates that are several orders higher on the log scale than the real recordings, as shown in Fig. 4 . In this figure, one can observe a great difference between the model by Megawati et al. [41] Overall, the GMPE relates magnitude, distance and depth to a certain earthquake parameter, like PGA or PGV. There have been numerous GMPEs proposed by researchers. Some of this research has even been conducted for Malaysia [9] , [75] - [77] . Despite this, GMPEs from different regions have been utilized in SHAs for Malaysia up until now. Thus, these literatures have shown that there is a need to develop a regional GMPE to be used in further Probabilistic Seismic Hazard Analyses specifically for Malaysia. As such, this work aims to produce a Malaysia-specific GMPE that will cater for the unique conditions of seismic propagation in Malaysian territories.
III. METHODOLOGY A. DATA GATHERING AND ACQUISITION
As this research attempt is concerned with ground motion, only the earthquakes that cause some shake are of interest. Fortunately, the Malaysian Meteorological Department (MET), has an array of data that records peak ground acceleration (PGA) as felt in various stations throughout Malaysia. However, these data were available only since 2004, for a period of 10 years, totaling at 47 seismic events.
However, upon the acquisition of these data, it was found that each seismic event was recorded at multiple stations located at various distances spread out spatially throughout Peninsular Malaysia, Sabah and Sarawak. This meant that each recording could be considered independent, greatly increasing the size of the data. Overall, there are 457 recordings in the database for this research. 
B. SOURCE CHARACTERIZATION AND GROUPING OF EARTHQUAKES
It was established in the literature review that earthquake attenuation changes with the earthquake source type. That is why there is a need to group earthquakes according to the types of sources, and generate GMPE specific for that type. Fig. 6 shows the map of origins of felt earthquakes in Malaysia provided by MET.
The PGA catalog containing 47 earthquakes provided by MET has only location, depth and magnitude information, as do the other catalogs by NEIC and ISC. The identification of the source type is not straightforward when it comes to subduction zones, as there are shallow subduction interface earthquakes, deep subduction earthquakes and backarc seismicity associated with the Sumatran fault located in the same region. Thus, the establishment of source types and grouping of earthquakes according to the source in Sumatran Subduction Zone had to be done manually.
This was performed in four steps: 1) Extract earthquakes in the study window from NEIC online catalogue. Group those earthquakes in clusters in such a way as to avoid excessive spread-out of earthquakes.
2) Choose an arbitrary point perpendicular to the dipping line of each cluster to calculate distances from each earthquake within the cluster to that arbitrary point. The Distance vs. Depth graph will be an approximate cross-section of the cluster.
3) In the Distance vs. Depth graph, identify the shallow subduction source, deep subduction source and earthquakes due to backarc seismicity. 4) Find the earthquakes of MET PGA catalogue in the graph to classify their source. As the study window is quite spaced-out diagonally, it was deemed fit to divide the earthquakes in the study window into two clusters at 0 • Latitude. With the aim of taking a crosssection, an arbitrary point was selected for each cluster perpendicular to the subduction line some long distance away to eliminate the effect of lateral spacing among the earthquakes within the cluster. Thereafter, the distances from each earthquake in the NEIC catalogue to the established arbitrary points were calculated and the depth versus distance graphs ( Fig. 8 and Fig. 9 ) were plotted for both clusters. In Fig. 8 and Fig. 9 , one can clearly see two tectonic plates in contact, where oceanic plate subducts under continental plate and extends very deep downwards, all this accompanied by earthquakes of various sizes. Three different earthquake sources are visible, as earthquakes are bunched around the source at specific distances. For example, at some 500km away from our arbitrary points, earthquakes that come from the Sumatran Strike slip fault, or backarc seismicity can be seen.
In the next step, Subduction zone earthquakes recorded by MET were mapped, shown in Fig. 10 . These earthquakes were identified and located in Fig. 8 and Fig. 9 , and that is how the source of each MET PGA catalogue earthquake was established.
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The following bullet-points present a brief analysis of the sources and the data available for their empirical analysis.
• Shallow Sumatran subduction zone interface events (referred as shallow subduction events henceforth) occur at the ''interface'', or the contacting sides of the two plates, thus they are shallow and could potentially emit great amounts of energy. There are 27 earthquakes felt in Malaysia that are in this group. Shallow subduction earthquakes are very frequent with great variations in energy release, and are located at great distances from Malaysian soils, thus it was decided to ignore earthquakes less than M w 7 in this research. As such, only 10 earthquakes with 111 recordings were used to represent shallow subduction events;
• Deep subduction earthquakes occur as subducting oceanic plate continue to dip, normally at depths greater than 70km. There are 8 deep earthquakes in the catalogue by MET, of which 6 are located in the Sumatran subduction zone. Again, very low-energy events had to be filtered out from the database; in the case of deep subduction events, it was decided to ignore earthquakes less than M w 6, resulting in the removal of 1 earthquake. The reason why M w 7 was not used as the threshold like in the case of shallow subduction earthquakes is that deep subduction events do not release as much energy. Thus, 5 earthquakes with 65 combined recordings were used to model deep subduction earthquakes;
• Continental plate suffers deformations and frequently releases smaller amounts of energy along the Sumatran subduction zone in the Sumatran fault (henceforth referred to as backarc seismicity). 7 earthquakes of this source have been felt in Malaysia, totaling at 82 recordings.
• Two deep earthquakes occurred in Java and Celebes seas, three shallow earthquakes occurred in faults around Sabah region and two great intraplate earthquakes occurred in faults of the Indian oceanic plate. However, more earthquakes are needed to fully capture the characteristics of generation and propagation of seismic waves at these sources, and as a result, these seven earthquakes were also ignored in this study.
C. SELECTION OF THE METHOD FOR GMPE GENERATION
Achieving a statistically significant representative sample size is a main prerequisite for a successful empirical GMPE generation through regression analysis. In this research, it could be said that the data recorded is plausible for empirical method for Sumatran Subduction Zone, because:
• 22 earthquakes (258 recordings) are present. These numbers are enough to establish a pattern in attenuation, as a majority of the earthquakes are closely spaced, and recorded at the same stations;
• 2004 Aceh, 2005 Nias earthquakes and March 2012 earthquakes are among the considered records, together with an array of smaller-sized earthquake recordings, shedding light upon energy attenuation in proportion to the energy released.
In light of these arguments, real recordings will be utilized to generate GMPE empirically through regression analysis for the Sumatran Subduction Zone only, as opposed to the usage of a synthetic seismogram method using the Statistical Package for Social Science (SPSS) software. Other earthquakes from MET database coming from different sources will be ignored in this study, as the sample size is small.
D. VARIABLES AND CORRELATION ANALYSIS
To do a regression analysis, one has to identify the dependent and independent variables, as well as to eliminate variables that lack any observable relationship. In the case of this research, the variables are:
• Since only one indicative acceleration is needed, the highest of the values could be taken. However, ground motion does not occur in strict North-South or East-West directions, but happens in random directions. If a particular ground motion occurs in some arbitrary direction, station seismometers will record it by its components in North-South and East-West directions. Thus, taking diagonal North-South and East-West directions will be more appropriate, and is chosen as the dependent variable for this study.
Moment magnitude, body-wave magnitude, depth and distance will automatically become the independent variables. To choose the variable that has more relationship with the dependent variable, a correlation analysis has to be done. A simple correlation analysis is done using a bivariate analysis by Pearson coefficients method. Bivariate analysis involves comparing two groups of variables to determine the empirical relationship between them [78] . The Pearson coefficients method is the most common way of conducting a bivariate analysis, and it measures the linear relationship between two variables. The variables used in this analysis are moment magnitude (M w ), Body-Wave magnitude (mb), epicentral distance, focal depth/distance, and diagonal acceleration.
E. REGRESSION ANALYSIS
Whenever there are variables available, there could be a theoretical reason to relate those variables to each other. A Regression Analysis is a powerful tool to verify the existence of that relationship, as well as to quantify that relationship to a point where we could estimate one variable if the other variable(s) is (are) given [79] .
The available data suggests that the linear relationship is not applicable for a regression analysis, thus a non-linear method was used. To carry out a non-linear regression analysis, Statistical Package for Social Science (SPSS) Version 17.0 uses Levenberg-Marquardt algorithm by default, also known as 'damped least-squares method', to fit the curve to the available data [80] , [81] . When the parameters are constrained, the default algorithm utilized by SPSS Version 17.0 is Sequential Quadratic Programming algorithm developed by [82] and [83] . For this study, the parameters will not be constrained.
To perform a non-linear regression analysis, functional form for equation has to be assumed for trial-and-error estimation of the true equation. Currently, there are two commonly utilized forms in GMPEs [84] :
i. The shape of the attenuation with distance is independent of magnitude, thus the attenuation relationship takes the form as in (5).
ii. The attenuation with distance is dependent on magnitude, thus functional form has to be taken as in (6):
Using the above-mentioned functional forms, a non-linear regression analysis is conducted using SPSS. Throughout the experimentation with the various functional forms, R-squared value was used as the indicator of the goodness-of-fit of the equation to the available data. The closer the R-squared value to 1, the better the generated regression line will fit the data.
F. COMPARISON WITH AVAILABLE GMPEs AND RECORDED DATA
To verify the accuracy of the results, as well as to prove the point of originality, the following methods were chosen:
• GMPEs that are applicable for subduction events in the literature will be chosen and PGA estimations will be generated for each recording. Estimates of the GMPEs of this study will be generated as well;
• Percentage difference between diagonal acceleration and the estimations by all GMPEs will be calculated: their descriptive statistics will be generated and histograms will be plotted to identify which GMPE fits the data better.
• The accuracy of the prediction of the attenuation mechanism will be tested by choosing three characteristic earthquakes for each source and plotting GMPE estimations on acceleration vs. distance graph. Thus, the empirical method of GMPE generation was chosen as the methodology for this study as data acquired from MET is sufficient for such a task. GMPEs have been generated for three earthquake types that are shallow subduction earthquakes, deep subduction earthquakes and backarc seismicity. Therefore, the generated GMPEs have been compared with models proposed in the literature, as well as with real ground motion recordings for four cities around Malaysia.
IV. RESULTS AND DISCUSSIONS
This section deals with overall results obtained as per the methodology discussed in the previous section. Table 2 shows the correlations between the variables for shallow subduction events. A few remarks have to be made such as:
1) SHALLOW SUBDUCTION EARTHQUAKE SOURCES
• Pearson correlations between diagonal accelerations, moment magnitudes and body-wave magnitudes are shown to be significant, indicated by double asterisks. Since these magnitudes are designed to measure different characteristics of an earthquake, using both of them should shed more light upon patterns that will enrich the generated GMPE;
• Epicentral and focal distances have the exact same correlations with diagonal ground acceleration, the reason VOLUME 5, 2017 being that the depths at which this group of earthquakes occur are very shallow, making these variables identical at great distances. Thus, only epicentral distance was used for shallow subduction sources;
• Depth has very little correlation with diagonal acceleration, but in the study of earthquakes, where great amounts of unknown variables exist that play their individual roles from generation to ground acceleration, one cannot ignore even the slightest contributor. Depth, in this sense, was also added into the process of GMPE generation. 2) BACKARC EARTHQUAKE SOURCES Table 3 shows the results of the correlation analysis done for the database of earthquakes in the backarc zone. Moment magnitude, body-wave magnitude and depth variables were chosen for regression analysis, as significant correlation was observed between these and diagonal acceleration. As with shallow subduction source, epicentral and focal distances are nearly identical due to shallow depths, thus epicentral distance was chosen for further analyses. Table 4 shows the results of the correlation analysis done on the database for deep subduction sources. The following remarks have to be made:
3) DEEP SUBDUCTION EARTHQUAKE SOURCES
• Moment magnitude and body-wave magnitude were utilized in the regression with the same reasoning as in the previous sources;
• The point of difference between deep subduction and other sources is that the deep subduction earthquakes occur at very deep locations (>70km), showing significant differences between epicentral and focal distances. That is why depth variable was used in the regression analysis as in the other sources;
• It can be seen that the correlations are significant at 0.05 level, unlike in the previous sources. This decrease in significance could be attributed to the dynamics of seismic propagation through the various layers in the earth medium, as the earthquake focal point is located very deep in the ground.
B. REGRESSION ANALYSIS
After finalizing the variables through correlation analyses, the next step was concentrated on finding a mathematical relationship between the dependent and independent variables. Non-linear regression equations are found using mathematical transformations of variables. For example, transforming the dependent variable into logarithmic terms will smooth out the data such that the unnecessary large differences will not hinder the regression line generation. The same goes to independent variables, where usage of power transformations (like x 2 ) will compress the large values of x and spread out the small values of x, thus giving us a better representation of the central tendency.
The method of finding the right non-linear regression equation that fits the data can be summarized in three steps: 1) Transform the dependent variable (Y) using natural logarithm to make Ln(Y)
2) Transform the independent variables (X) using the above-mentioned transformations according to the type of independent variable at hand. The curve estimation function of SPSS Version 17.0 was used to filter out the transformations that were not representative of the dependent-independent variable relationship.
3) Add (7) to represent the assumption that the energy attenuation is dependent on the amount of energy released by the earthquake (the value of mb) 4) Choose and form equations composed of the above-mentioned transformations through trial-and-error, and perform constant estimation for these equations using SPSS non-linear regression analysis function. The equation that has the highest credible R-squared value was chosen.
Upon the establishment of the best-fit relationship between the dependent and independent variables, countless trial-anderror attempts were made to find the best combination of these dependent-independent variable relationships as a functional form utilizing the ''Non-Linear Regression'' function of SPSS. Functional forms proposed by other researchers were also explored. The functional form similar to one proposed by [19] was chosen for all source types, following the assumption that attenuation of the energy is magnitude dependent. This resulted in the addition of a functional component (7) that catered for the said assumption.
As the fundamental idea of this component deals with the attenuation of energy with distance, body-wave magnitude was chosen to be used for ''Magnitude'', and the distance that best represents the body-wave propagation path as the ''Distance''. The results of these exercises are presented in the following subsections for each source type:
1) SHALLOW SUBDUCTION EARTHQUAKE SOURCES
After trial-and-error attempts, the following non-linear equation was chosen to be used as GMPE for shallow subduction source earthquakes: (8) are shown in Table 5 and Table 6. ANOVA  table shows 
2) BACKARC EARTHQUAKE SOURCES
Trial-and-error attempts were done similar to shallow subduction earthquake source, and the non-linear equation generated was of the same functional form as in (8) . Thus the same equation was used to generate GMPE for Sumatran subduction backarc earthquakes. The constant estimates and ANOVA table for the backarc earthquakes are shown in Table 7 and Table 8 . Again, the coefficient of determination (R2) is 0.851, showing that the chosen equation fits the data quite nicely.
3) DEEP SUBDUCTION EARTHQUAKE SOURCES
Deep subduction earthquakes do not have a similar generation and propagation mechanism as shallow subduction and backarc earthquakes, thus (8) could not be used at it is. Instead, the epicentral distance (D e ) was changed to focal distance (D f ), as earthquakes in deep subduction zone are located very deep, thus their distance traveled will be better represented by D f . Some modifications were done, and after trial-and-error, Equation (9) was chosen to represent deep subduction earthquakes and used as the GMPE for deep subduction earthquakes of Sumatran subduction zone.
where D f focal distance, in km. The constant estimates and ANOVA table for (9) are shown in Table 9 and Table 10 . This time, the coefficient of determination is not as high, hinting on more complex attenuation VOLUME 5, 2017 mechanisms of these earthquakes. Still, R2 value of 0.716 could be considered satisfactory.
C. COMPARISON WITH AVAILABLE GMPEs
Finally, as part of the verification attempts, as well as to test the point of originality of this study, the available GMPEs were compared with the current model and the available recordings.
1) GMPEs IN THE LITERATURE
As mentioned before, there are numerous GMPEs in the literature that were used so far to do SHA for Malaysian territories. Out of these GMPEs, Youngs et al. [19] , Atkinson and Boore [20] and Megawati et al. [21] models are the GMPEs that are applicable for subduction zone earthquakes, and they were selected for comparison. Original paper by [19] has specified (10) It is timely to note that a modification to Youngs et al. [19] model was done according to [9] to make it suitable for longdistance calculations. Thus, the equation takes the form as in (11) . 
Atkinson and Boore [20] have developed their equation for subduction earthquakes shown in (12) . NEHRP type B soil was assumed for this study. 
2) COMPARISON BY PERCENTAGE DIFFERENCE
The percentage differences between the predicted values and the recorded diagonal accelerations were calculated. Fig. 11, Fig. 12 and Fig. 13 show the histograms with normal curves for subduction, backarc and deep subduction earthquake sources respectively. Note that negative numbers indicate underprediction, while positive numbers show overprediction. Fig. 11(a) shows the percentage difference between the recorded data and the estimates by [20] (denoted as ''AB'') for subduction source. While a majority of the estimates are quite close to the real recorded values (shown as a spike in the graph), a considerable amount of data severely underpredict the real results, reaching differences as high as 1500%. The opposite is true for the model by [21] (denoted as ''Meg'') shown in Fig. 11(b) , where, despite having a majority of the predictions showing differences in 100-300% range, the model overestimates some predictions by as much as 2500%. Youngs et al. [19] model modified by [9] (denoted as ''YG-Pet'') performs better, shown in Fig. 11(c) , having differences in the range of 100-300%, yet its standard deviation and range shows its inferiority to the model proposed by this study (denoted as ''Liew et al.'') in Fig. 11(d) . The model proposed by this study generates results that are consistent, with underpredictions within 0-100% range, and overpredictions within 0-250% range. Thus, our model performs best among the models compared.
FIGURE 12.
Histogram with normal curve for percentage difference for backarc earthquake sources. Fig. 12(a) shows that for backarc seismicity, the model by [20] fails to properly fit the data. There is a severe overprediction by their model, as differences reach over 1500%. The model by [21] in Fig. 12(b) fairs better, as most of the predictions are within 0-100% range, reaching 300% overprediction at times. Fig. 12(c) Fig. 12(d) , yet again the model proposed by this study performs better at predicting the ground shake, indicated by a better standard deviation. Fig. 13(a) and Fig. 13(c) shows that [20] and Youngs [19] models are unable to capture the mechanism of deep subduction earthquakes in the region, predicting estimates reaching 5000% and 8000% differences respectively than that of real recordings. Model by [21] shown in Fig. 13 (b) manages to estimate with underprediction in the range of 0% -100%. Yet the model proposed by this study, shown in Fig. 13(d) , fares well with the predictions, with mean, standard deviation and range indicating a much better fit to the data. 
D. EARTHQUAKE SIMULATIONS
The final stage of verification of the models consists of simulations for representative earthquakes for each source. Three earthquake events were chosen: 28 March 2005 earthquake of M w 8.6 was chosen for shallow subduction earthquake source (Fig. 14) , 1 October 2009 earthquake of M w 6.6 was chosen for backarc earthquake source (Fig. 15 ) and 30 September 2009 earthquake of M w 7.6 was chosen for deep subduction earthquake source (Fig. 16) . The newly developed GMPEs were compared with developed GMPEs and recorded data by MET. Labelling was used in this study and the details are presented in Table 11 . mechanisms of seismic waves generated by shallow subduction source at both short and long distances. The estimates are closer to the station-recorded values and the mechanism of attenuation with distance is properly captured. Fig. 15 shows that models by AB and YG_Pet are again unsuitable for estimating ground motions for backarc earthquake sources in the Sumatran fault for the same reasons as for shallow subduction sources. The models fail to show the accurate attenuation with distance, as well as to deliver results close to station-recorded data. MEG model fairs better than the previous two models, as it is able to capture the attenuation mechanism of the wave more accurately, as well as generate acceptable estimates at 500km range. Yet the overestimation problem starts with increase in distance. The model proposed by this study, on the other hand, manages to follow the same trendline as the station-recorded data, meaning that the model is able to represent the attenuation properly, though slightly underestimating the groundshake. Despite this, the model fits the recorded data better than all other models.
When it comes to deep subduction earthquakes, models by AB, YG_Pet and MEG fail to capture the attenuation mechanism of seismic waves by generating estimates with trendlines completely different to that of the station-recorded data, as shown in Fig. 16 . The model proposed by this study does well in predicting results that are close to the recorded values and follow the same trendline.
Thus, three GMPEs were generated for shallow subduction, backarc and deep subduction earthquake sources. These GMPEs were compared to GMPEs proposed by Youngs et al. [19] modified by Petersen et al. [9] , Atkinson and Boore [20] and Megawati [21] . It was found that the generated GMPEs are far superior to the ones available in the literature.
V. CONCLUSIONS
Due to rapid industrialization and development, organizations within Malaysia now have started to pay attention to the protection of assets against possible earthquakes, and to somehow measure the hazard posed by them. From previous studies, the SHA method and GMPE are the two factors which contribute to the error of SHA. While it was shown that the SHA method is highly disputable and currently in the stage of further development, the choice of the method would not have had as much impact on the result as the choice of the GMPE. Thus, this study has attempted to develop GMPE for Malaysia due to the subduction zone earthquakes in the Sumatra region.
A framework for seismic source classification has been produced and three types of earthquakes according to source type known as shallow subduction, backarc and deep subduction have been identified. Then, correlation and non-linear regression analyses were adopted in developing GMPEs for Malaysia based on earthquake source type. Table 12 shows all three GMPEs with the constant estimates. In summary, the newly developed GMPE models have been validated: comparisons were made between developed GMPEs and recorded data and three GMPEs from the literature. When compared to the equations proposed by Youngs et al. [19] (later modified by Petersen et al. [9] ), Atkinson and Boore [20] and Megawati et al. [21] , it was found that the newly generated GMPEs are superior in predicting the ground motions on Malaysian soils. Thus, the three GMPEs generated for Malaysian territories generate the best estimations out of the available equations, and should be used for the Sumatran subduction zone in further SHA studies for Malaysia. 
